Introduction
In the last 10-15 years, epidemiological research has demonstrated the important protective and preventive role of physical activity/exercise in terms of the risk of developing cancer. This is particularly the case for breast and colon cancer as well as for prostate, lung and endometrial cancer. 1, 2 The ensuing claim of epidemiological research results from observational to intervention research 3 has been followed continuously for the last few years. First 'global' review articles [4] [5] [6] [7] [8] highlighted research demonstrating the efficacy of physical exercise as an interventional treatment. According to the types of cancer, a majority of the studies in this area have focused on exercise intervention approaches for breast cancer. Over the last few years, however, increasing efforts have been made to utilize exercise-based interventions for patients undergoing hematopoietic stem cell transplantation (HSCT). This review provides an overview of the current state of the research on exercise interventions for HSCT.
Related problems of hematopoietic stem cell transplantation
Before, during and after HSCT, patients often experience enormous physical, psychological and psychosocial stress. Such stress tends to occur even if the treatment is successful, but nevertheless negatively influences the longterm success of these procedures. An overview of the treatment-related psychophysical problems of cancer patients is given by Courneya and Friedenreich 9 in their review 1999. The types of physical and psychosocial problems that are most relevant to the current review include: (a) loss of physical performance/fitness, [10] [11] [12] [13] [14] (b) fatigue, 8, 10, [15] [16] [17] [18] [19] (c) distress, 20, 21 (d) emotional problems (anxiety, depressions and so on) 10, 21 and (e) immunological/hematological changes. 22 In addition, common somatic side effects (GVHD, infections, diarrhea, nausea, pain and so on 2, 10, 19, [23] [24] [25] ) likely exacerbated the physical and psychological problems.
Moreover, several other factors, such as hospitalization for isolated conditions, side effects of other medications, rapid and unsteady changes in clinical status and the real risk of dying further lead to treatment-related problems and stress. In this way, physical and psychosocial stress, treatment-related side effects and the disease process itself transact and influence the overall success of the treatment and the well-being of the patient.
In the end, all these different physical and psychological stress factors and problems massively affect the individual quality of life of each patient. 8, 9, 15, 18, 26, 27 Furthermore, individual quality of life after transplantation is quite often adversely influenced by the problems of reintegration into the community. As described by Baker et al. 10 some of the affected persons are completely or partly unable to perform successfully in their previous social role functions. These reintegration problems are also caused by the treatmentrelated psychophysical problems described above.
Regarding the different kinds of therapy-related problems mentioned, physical exercise therapy constitutes a potentially promising adjuvant intervention for HSCT patients because of its multidimensional effectiveness.
Methods

Selection of articles
Articles had to comply with the following inclusion criteria to be considered in the review: (a) published in English or German language, (b) available in the databases Medline, Psyndex or Cochrane, (c) identifiable as an intervention study and (d) searchable through terms including physical exercise, physical activity, peripheral blood stem cell transplantation, hematopoietic stem cell transplantation, and bone marrow transplantation.
This search strategy identified 17 relevant publications. In addition, a manual search of German journals was performed and one other relevant article was found. 28 Therefore, a total of 18 articles, published between 1986 and 2007, were identified and included in the review.
Note: Hayes et al. 11 published four articles 11, 22, 29, 30 that utilized the same sample, but emphasized different research questions; thus, the actual total number of separate studies for this review was 15.
Results
Study characteristics
Overall, data from 609 patients with different hematological malignancies across 15 studies were included in this review. The sample sizes of the single studies varied with a range of 12-100 patients (mean ¼ 40.6). Participants were an average of 41.4 years old (range 14-74 years). Fifty-one percent of all study participants were female.
A total of 306 (50.3%) study patients have received allogeneic stem cell transplantation, whereas 258 (42.4%) were autologous transplanted. Because of the mixed study population in Dimeo et al., 31 45 (7.3%) participants in the current review were treated with conventional chemotherapy. Table 1 summarizes the studies included in the review.
Mostly, physical exercise interventions were implemented during the hospitalization phase, 28, [31] [32] [33] [34] [35] but also in the outpatient context 11, 22, 29, 30, 36, 37 and in home-based settings. 14, 38, 39 Some intervention programs started during and were continued after hospitalization. 34, 40, 41 Physiological outcome parameters Endurance performance/aerobic fitness. The most common kind of exercise intervention in the included studies was endurance training/aerobic exercise. Depending on the specific intervention program of each study, endurance performance was assessed via bicycle or treadmill ergometer stress test.
With regard to the analyses of endurance parameters, the patients appeared to benefit from aerobic exercise. Therefore, it is irrelevant if endurance training is performed under inpatient, outpatient or home-based settings. Referring to the inpatient setting, two examinations 28, 33 during the transplantation process show that regular endurance training may not lead to an increase in endurance performance, but the loss of performance in the experimental groups was significantly lower than in associated control groups (Po0.01 and Po0.05). That an increase of physical performance via endurance training cannot be achieved during the hospitalization stay was also shown in one uncontrolled study. 31 However, no significant decrease in physical performance at the point of hospital discharge or during the inpatient period was reported.
Aerobic exercise interventions, which started during the inpatient setting and were continued in outpatient context, respectively only took place in the outpatient context after transplantation, reached significantly better endurance values in pre-/post-comparisons (Po0.01) 11, 34, 38 and also in comparisons between experimental and control group 37 (Po0.05). In addition, the study of Wilson et al., 40 where participants performed their exercise program in a homebased setting without supervision by study staff, demonstrated significantly positive effects concerning the endurance performance (Po0.05). In contrast, two other home-based examinations showed no statistically significant improvements in aerobic performance. 14, 39 Strength performance. Similar to the results of aerobic exercise intervention, only a stabilization function of resistance training can be observed under transplantation accompanying terms. As Baumann et al. 28 showed, the isometric strength performance of their controls decreased significantly during the process of hospitalization (Po0.01), whereas the strength values of the patient in the experimental group did not change. Because a direct strength measurement in Cunningham et al. 32 is missing, the results for inpatients conditions from the previous study cannot be supported. Even if Cunningham et al. 32 observed a significant change in urinary excretion of creatinine for the experimental group in comparison with the controls, a positive change on muscular level can only be surmised.
Hayes et al. 11 and Mello et al. 41 found, in the context of their primarily outpatient exercise intervention, that patients benefited from the applied resistance training. In a pre-/post-comparison, Hayes et al.
11 detected significant increases for the experimentals in upper (15 RM bench press test; Po0.01) and lower body strength (15 RM leg press test; Po0.01) during the outpatient intervention phase. 11 Mello et al. 41 with their combined in-and outpatient intervention strategy only showed a stabilization effect of resistance training concerning different extremities muscle groups in the experimental group. Simultaneously the strength performance in the control group decreased in pre-/post-comparison (Po0.01). Immune system/immune function. Immunological parameters were examined in the studies of Dimeo et al., 33 Hayes et al. 22 and Kim and Kim. 35 Dimeo et al. 33 showed that patients who were randomized to the experimental group and performed a daily endurance training had a significantly shorter duration of neutropenia (P ¼ 0.01). Also, there was a trend toward shorter duration of thrombopenia (P ¼ 0.06). The examination of Kim and Kim showed a significant better change in lymphocyte count for patients who performed a daily 30 min bed exercise program for six weeks (P ¼ 0.031; interaction between groups and times). Regarding the changes of lymphocytes (cell/ml) in the single groups, it is interesting to see that the value of the controls decreased from 1424.1( ± 616.2) to 783.4 ( ± 614.7) significantly (Po0.05) whereas the value of the exercisers was steady. In contrast to those findings, Hayes et al., who examined the number and function of lymphocytes and leukocytes did not find any significant differences between experimental and control groups at the end of treatment.
Body composition/energy expenditure. Concerning bodyweight, Coleman et al. 39 showed an increment related to regular resistance and endurance training in the exercise group, whereas the controls lost weight during the same time (Po0.01). In the study by Hayes et al., 29 the experimental group evidenced a reduced percentage of body fat (P ¼ 0.04), an enhanced fat-free mass (Po0.01) 30 also demonstrated improvements in quality of life (QoL) (Po0.01). Nevertheless, in this study, it appears that a part of the QoL improvement resulted from a general recovery of the patients' state of health, as the global QoL parameters of the control group also improved during the treatment period (Po0.01). But the comparison of both groups at the final measurement point shows that there are significant and wide differences between the groups with a clear advantage for the experimental group (Po0.05). The home-based endurance intervention program of Wilson et al. 40 showed significant improvements of QoL in the subscales 'physical functioning' and 'role-physical' of the SF-36 health survey (Po0.05). Supplementary to the SF-36 subscales, DeFor et al. 42 showed significant improvements in their physical and emotional well-being scales for all exercisers at the time of discharge. For nonmyeloablative conditioned exercisers, this benefit persists till day þ 100 after the transplantation (Po0.01 and P ¼ 0.02).
Fatigue. For the inpatient setting Dimeo et al. 36 showed that the patient's status of fatigue (POMS subscale) in the control group significantly diminished during the time of hospitalization (Po0.05; d ¼ 0.24), compared with the experimental group where no change in fatigue was observed. Carlson et al. 38 reported highly significant effects for patients in the functional assessment of cancer therapy-Fatigue module (FACT-F) and brief fatigue inventory (BFI) after a 12-week outpatient treatment (Po0.01). In terms of follow-up data, these improvements in fatigue were almost completely maintained over the oneyear follow-up measurement period. Wilson et al. 40 proved a reduction of the severity of fatigue (FSI subscale) related to their aerobic intervention program in the home-based setting more than 6 months after HSCT (P ¼ 0.05). No significant changes in fatigue were proven in the study of Coleman et al.
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Further psychosocial parameters. Further psychosocial parameters were assessed with the help of the 'Profile Of Mood States' (POMS) questionnaire in a couple of studies. Dimeo et al. 36 showed in the context of hospitalization that a daily endurance training program reduced 'anger/ hostility' in the experimental group (Po0.01). In addition, they noticed significant deteriorations in the subscale 'vigor' (P ¼ 0.05) for the control group, whereas no changes could be observed in the experimental group during study participation. Carlson et al. 38 reported a significant improvement of 'vigor' among patients after a 12-week aerobic exercise program starting at least 6 months after transplantation (Po0.01).
In the examination of Dimeo et al., 36 the authors also examined scores on the symptom checklist SCL-90-R. 36 In pre-/post-comparisons, significant improvements on the levels of obsessive-compulsive trait, anxiety, phobic anxiety, interpersonal sensitivity and global psychological distress (Po0.01 resp. Po0.05) among exercisers were observed. In the control group, a significant increase in somatization occurred (Po0.01).
Further outcome parameters
Only one study 33 assessed and reported results of treatment-related complications regarding severity of pain, diarrhea, mucositis, infection and duration of hospitalization. Compared with the control group, the experimental group showed significantly better results for severity of diarrhea (Po0.05) and duration of hospitalization (Po0.05). The experimental group also demonstrated better results for severity of pain (Po0.01) at the point of discharge. The results concerning severity of pain were supported by the author's observation that 25% of the patients in the experimental group, in contrast to only 3% in the control group, did not need analgesics during hospitalization. Furthermore the study of DeFor et al. 42 assessed the Karnofsky score by blinded physicians and found, particularly for nonmyeloablative conditioned exercisers, better results after a time period of 100 days (P ¼ 0.04).
Survival
Overall 55 patients died during their study participation (survival rate: 91%), however no difference between exerciser and non-exerciser groups could be detected.
Compliance
If reported, the average compliance rate across the studies was 85%. As it could be expected the rate for home-based (not supervised) interventions is located below the average (68%), whereas the supervised settings (in/outpatient) are located above (90%).
Discussion
Problems with the methodological quality, as it could be seen in other review articles concerning this area of research, 5, 6 also exist in the current reviewed studies. Altogether seven examinations have to be classified as quasi-experimental for different reasons, primarily for the lack of control groups, 14, 31, 34, 38, 40 and/or the use of limited randomization methods. 11, 22, 29, 30, 37, 38 Apart from that, the summarized findings (see Table 2 ) indicate that physical adaptation processes, as a response to the stimuli endurance training/aerobic exercise 11, 28, 33, 34, 37, 38, 40 respectively resistance training, 11, 28, 41 are possible for patients under the circumstances of HSCT. In particular, physical exercise seems to have a stabilization effect on physical performance during the inpatient period, 28, 31, 37 and is related to improvements during the Physical exercise as adjuvant therapy for HSCT patients J Wiskemann and G Huber outpatient period. 11, 33, 34, 38, 40 Positive effects on psychosocial variables were also demonstrated among HSCT patients. Four studies showed significant improvements for patients' individual QoL, regardless of the intervention phase. 11, 28, 40, 42 These results are consistent with those reviewed in other articles concerning exercise interventions with cancer patients [4] [5] [6] 9, 43 and with the study of Courneya et al. 44 examining QoL of HSCT patients during in-patient stay. As Hayes et al. 30 additionally showed, it can be surmised that an increased QoL is strongly correlated with an increased physical performance and vice versa. Further positive effects of exercise therapy were found in relation to cancer patients' fatigue status. Consistent with the reviews of Mock, 8, 27 Stricker et al., 17 Wagner et al. 18 and Whiting et al., 45 studies on exercise interventions for HSCT patients also indicate that physical exercise (in particular endurance/ aerobic exercise) is a well-suited therapy strategy to fight cancer-and treatment-related fatigue. This seems to be mainly the case for the phase after hospitalization. 38, 40 The follow-up data also indicate that the sustainability (related to fatigue) of exercise interventions is quite good, 38 however more data in this field is needed. During the time period of transplantation, one study indicated positive effects on patients' fatigue status, 36 nevertheless further research is also required. Data about the prevalence of fatigue and knowledge about the effects of interventions before transplantation are currently not available. However, because of the advanced state of disease before transplantation, it can be assumed that fatigue is partly present at this point.
Quite a few studies have indicated that physical activity has an impact on the human immune system and its functioning. 46 The central working theory in the field of exercise immunology is the 'Inverted J Hypothesis' based on different examinations of the Nieman group. This hypothesis predicts that exhaustive physical exercise leads to an elevated risk of infectious diseases (reduced immunosurveillance), whereas a moderate exercise workload reduces infection risk (increased immunosurveillance). 47, 48 The degree to which moderate physical activity can positively influence a cancer patient's immune system (in relation to development and course of the cancer disease) is not clear. 48, 49 This is also true for moderate physical exercise as an adjuvant intervention strategy in the framework of medical cancer treatment (CT, TBI, HDCT, HSCT). Although four of six studies in the review of Fairey et al. 50 showed positive effects of regular, moderate physical exercise for the immune system of cancer patients, the relevance of the results is quite obscure. Assumed were positive effects on the recurrence rate, development of secondary malignancies and survival time of the patients. Referring to the current review, two out of three studies, which ascertained immunological data were able to show positive effects on the immunological level. 33, 35 Whether these positive effects were related to a reduced severity or rate of infections was not reported.
Finally, it has to be noticed that some results have to be regarded with circumspection. For instance, particularly for the uncontrolled trial, it cannot be ruled out that improvements in physical performance may have resulted from general regeneration processes related to the medical treatment. Nevertheless, findings do suggest that the effects of regeneration processes can be improved through exercise therapy.
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Conclusions and future directions Methodological problems of the reviewed studies notwithstanding, physical exercise interventions (moderate, regular physical training sessions) are feasible without any adverse effects and well accepted by the patients under the difficult circumstances of hematopoietic stem cell transplantation. Furthermore, beneficial treatment effects occurred for all physiological, psychological and psychosocial domains. These results stress the importance and the multidimensional effectiveness of physical exercise therapy for HSCT patients in the framework of their medical treatment.
Because of the need of evidence in practice, 51 tentative recommendations for exercise interventions, based on the knowledge of this review, are presented in Table 3 . To be able to guarantee innocuousness and feasibility of the exercise intervention, it is necessary to perform a moderate training intensity and pay attention to defined exercise contraindication criteria (for example, platelet counts below 20 Â 10 9 /l, fever, bleeding, severe pain, hemoglobin below 8 g per 100 ml) especially under hospitalization conditions.
Despite the promising findings of the current review, methodological problems suggest the need for future research. Apart from that, two other aspects need further effort: (1) the validation of the positive results found from past examinations for the purpose of evidence-based medicine/therapy; (2) the identification of further effect levels of physical exercise intervention programs.
In terms of corroborating existing findings, there is a need for randomized controlled trials (RCT) with larger sample sizes, ideally conducted across different sites. With these data from future RCTs, scientific statements concerning physical exercise dose-response and effect mechanisms in HSCT patients will be possible. Furthermore, from the view of the authors, it seems to be particularly important to integrate more catamnesis measurement 38 Apart from the question of sustainability, with follow-up data, it will be possible to examine questions about therapy-related influences on changes in lifestyle. Referring to this, questions about patients' adherence to exercise programs and exercise barriers after HSCT, as preliminarily described by Coleman and Coon, 52,53 should be of interest.
Future research should also examine what kind of exercise intervention (aerobic vs resistance vs combined) is the most effective for HSCT patients. In this case, the authors felt that an increasing integration of resistance training seems to be quite important for patients' QoL, because of the expected therapeutically relevant effects like improvement of muscle strength or increments in bone density/mass.
Moreover, there are several interesting research questions on the psychological domain. For instance, up to now, the influence of physical exercise interventions relating to the changes in self-efficacy and locus of control 54, 55 among HSCT patients has not been examined. Also, questions about the efficacy of exercise intervention strategies to positively influence psychological distress (stress reduction and modulation) should become of interest. Within this domain, research on physiological distress and the avoidance of distress or emotions would be illuminating, given the stress-related effects on the immune system and immune reconstitution after HSCT. [56] [57] [58] An important claim for practice and research in this area involves increasingly emphasizing interdisciplinary research. Increasing the interplay between disciplines (for example, oncologists, psychologists and exercise therapists) will most probably lead to improved treatment and therapy results. For example, the two evidence-based practices of physical exercise therapy and psycho-oncological treatment methods are good examples for the use of behavioral therapy approaches 59, 60 in medical problems. In the case of an aspired stress reduction, a combination of exercise therapeutic elements with the method of mindfulness-based stress reduction (MBSR) based on Jon Kabat-Zinn ought to be useful for patients under the treatment of HSCT. 61, 62 At present, a study funded by the 'German Jose´Carreras Leukemia Foundation' (Project no. R05/33f) to examine such a combined intervention approach is in preparation. Table 3 Tentative recommendation for physical exercise interventions
Phase of therapy
Type of exercise Abbreviations: HR ¼ heart rate; HSCT ¼ hematopoietic stem cell transplantation.
